proteins, is required for the DNA replication in eukaryotes (7, (25) (26) (27) 51) . All of the six Mcm proteins play an essential role in yeast cell growth (8, 9, 13, 15, 18, 35, 38, 40, 47, 48, 56) . They are also one of the components of the replication licensing system in Xenopus that limits the occurrence of DNA replication to only once in a single cell cycle (6, 33, 37) . The assembly of Mcm proteins onto the replication origin in Saccharomyces cerevisiae (2, 49) and their genetic interactions with ORC, Cdc6p, Cdc45p, and Cdc7p/Dbf4p kinase have been reported (10, 11, 16, 17, 34, 57) . These findings suggest that the Mcm proteins play a role in the initiation of DNA replication.
Several lines of evidence indicate that these six Mcm proteins interact with one another to form a heterohexameric complex (1, 28, 43) . In addition, the subcomplexes, including Mcm2-Mcm4-Mcm6-Mcm7 (Mcm2,4,6,7), Mcm3,5, and Mcm4,6,7, have been detected in extracts from various organisms (5, 21, 29, 41, 46, 47, 50) . These findings suggest that Mcm4,6,7 proteins form a relatively stable core complex and that the other Mcm proteins are loosely associated with this complex. All six Mcm proteins contain DNA-dependent ATPase motifs in their central domain, including motifs A and B which are probably involved in the nucleotide binding (30) . These motifs in Mcm proteins are well conserved from yeast to mammals, suggesting that they play an indispensable role in DNA replication. Recently, we detected DNA helicase activity associated with a 600-kDa human Mcm4,6,7 complex purified from HeLa cells (20) . The addition of Mcm2 protein to this complex inhibited the helicase activity by blocking the formation of the complex (22) . These findings suggest that the Mcm4,6,7 complex is involved in the initiation of DNA replication as a DNA-unwinding enzyme. However, the issue of whether the DNA helicase activity is intrinsically associated with the Mcm4,6,7 complex remained to be unequivocally established.
In this study, biochemical analyses with the mouse Mcm4, Mcm6, and Mcm7 protein complexes prepared from baculovirus-infected cells were undertaken to address whether the DNA helicase activity was an inherent activity of this complex and to determine the physiological significance of this activity. 
MATERIALS AND METHODS

Cloning of wild-type and mutant forms of Mcm genes into baculovirus transfer vectors. DNAs containing full-length mouse Mcm2, Mcm4, Mcm6, and Mcm7
genes cloned into the plasmid pBluescript II SK(Ϫ) (Stratagene) (kindly provided by H. Kimura, University of Oxford, Oxford, United Kingdom) were used in this study, and their GenBank/EMBL accession numbers are D86725, D26089, D86726, and D26091, respectively. To facilitate the purification of Mcm2, Mcm4, Mcm6, and Mcm7 proteins in High 5 insect cells, sequences encoding a sixhistidine tag were added to the DNAs containing the Mcm4 and Mcm7 genes by PCR. First, to amplify the N-terminal fragment of the Mcm4 gene product (amino acids 1 to 148 as an EcoRI-HindIII fragment) and the N-terminal fragment of the Mcm7 gene product (amino acids 1 to 63 as an EcoRI-SalI fragment), oligonucleotides 5Ј-GAGAGAGAATTCATGGGACATCATCATCAT CATCACGGATCGTCCCCGGCATCCACCCCG-3Ј (the engineered EcoRI restriction site is underlined) and 5Ј-TTACATGTTGCCACATTCAC-3Ј were used as primers for the amplification of the Mcm4 gene and oligonucleotides 5Ј-GAGAGAGAATTCATGGGACATCATCATCATCATCACGGAGCGCT TAAGGACTACGCGATC-3Ј and 5Ј-TGAGTAGCGCTTGGCATTCTCGC-3Ј were used as primers for the amplification of the Mcm7 gene; the primers were designed with DNASISmac software (Hitachi Purification of wild-type and mutant Mcm proteins. The recombinant Mcm proteins in infected cell lysate were purified by Ni-nitrilotriacetic acid (NTA) affinity column chromatography as follows. The infected cells were washed once in ice-cold phosphate-buffered saline and then suspended in 8 ml of lysis buffer consisting of 10 mM Tris-HCl (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM Na phosphate buffer, 10 mM Na 4 P 2 O 7 , 16 g of benzamidine HCl per ml, 10 g of phenanthroline per ml, 10 g of aprotinin per ml, 10 g of leupeptin per ml, 10 g of pepstatin A per ml, and 1 mM phenylmethylsulfonyl fluoride (PMSF). After incubation for 40 min on ice, insoluble material was removed by centrifugation at 40,000 rpm (50.2Ti rotor; Beckman) for 40 min at 4°C. To 1 volume of the clarified lysate, 1/10 volume of Ni-NTA-agarose that had been washed twice with 10 bead volumes of buffer A (50 mM Na phosphate buffer [pH 6.0], 300 mM NaCl, 10% glycerol) was added, and the mixture was incubated for 1 h at 4°C on a rocking platform. The beads were then collected by centrifugation and stringently washed with buffer A containing 30 mM imidazole until the absorbance at 280 nm A 280 of the supernatant was less than 0.01. Next the beads were washed once with buffer B (50 mM Na phosphate buffer [pH 8.0], 300 mM NaCl, 10% glycerol) containing 30 mM imidazole, and the proteins bound to the beads were eluted by adding 1 bead volume of buffer B containing 100 mM imidazole. This was followed by incubation for 2 min at room temperature on a rocking platform and removal of the beads by centrifugation. The proteins were subsequently eluted from the beads with 200 and 400 mM imidazole.
Further purification of Mcm proteins was carried out by histone-Sepharose column chromatography as described previously (20) . The Mcm-containing fractions eluted from Ni-NTA-agarose were combined and then loaded onto a histone H3/H4-Sepharose column equilibrated with 0.3 M NaCl, and proteins bound to the column were eluted with a linear gradient from 0.3 to 2 M NaCl. The fractions mainly containing Mcm4,6,7 proteins were pooled and then concentrated about 10-fold with Centricon 30 (Amicon). The concentrated sample was diluted to 0.15 M NaCl with buffer containing 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 10% glycerol, 1 mM dithiothreitol (DTT), 0.1 mM PMSF, and 0.01% Triton X-100 and then concentrated to approximately 1 mg/ml with a Centricon 30 apparatus. The concentrated Mcm proteins were further fractionated by glycerol gradient centrifugation at 36,000 rpm for 14 h (TLS55 rotor; Beckman) in a 15 to 30% linear glycerol gradient containing 0.15 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 1 mM DTT, 0.1 mM PMSF, and 0.01% Triton X-100. Five drop fractions were collected from the bottom of the centrifugation tube. Proteins in each fraction were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (10% polyacrylamide) as well as by polyacrylamide gel electrophoresis (5% polyacrylamide) under nondenaturing conditions, and they were stained with silver or Coomassie brilliant blue G-250 (GelCode blue-staining reagent; Pierce). Thyroglobulin (669 kDa) and ferritin (440 kDa) (Pharmacia) were used as protein molecular mass markers in the 5% native gel. The human Mcm4,6,7 complex of 600 kDa was purified as reported previously (20) . The Mouse Mcm2 gene was cloned into the pAcHLT-A vector (Pharmingen), and the His-tagged Mcm2 protein, which was produced in High 5 cells, was purified as reported previously (22) .
DNA helicase and ATPase activities. A 17-mer oligonucleotide (5Ј-GTTTTC CCAGTCACGAC-3Ј; Ϫ40 primer for M13 dideoxynucleotide sequencing [U. S. Biochemical Corp.]) was labeled at the 5Ј end with polynucleotide kinase in the presence of [␥-
32 P]ATP, and the resultant 17-mer oligonucleotide was annealed to single-stranded M13mp18 DNA as described previously (20) . Aliquots of the purified DNA were used for the DNA helicase assay as described below. Approximately 5 fmol of the annealed oligomer was incubated at 37°C for 1 h with Mcm proteins in 50 mM Tris-HCl (pH 7.9), 20 mM ␤-mercaptoethanol, 10 mM ATP, 0.5 mg of bovine serum albumin per ml, and 10 mM Mg(CH 3 COO) 2 instead of MgCl 2 . The reaction was terminated by adding SDS to a final concentration of 0.2%, and an aliquot was electrophoresed on a 12% acrylamide gel in Tris-borate-EDTA (TBE). The labeled oligomer in the gel was detected by autoradiography or by using a Bio-Image analyzer (BAS2000; Fuji).
To assay ATPase activity, Mcm proteins were incubated at 37°C for 1 h with 2 Ci of [␥-
32 P]ATP (3,000 Ci/mmol) in the same solution used for measuring the DNA helicase activity but containing 10 mM ATP in the presence of 5 g of single-stranded DNA (heat denatured). Then, 0.5 l of the reaction mixture was spotted on a polyethyleneimine-cellulose thin-layer chromatography plate (Cellulose F; Merck). Chromatography was carried out at 4°C in 0.8 M LiCl for 2 h. The radioactivity on the plate was detected by using a Bio-Image analyzer.
UV-mediated cross-linking of ATP. The cross-linking mixture, in a final volume of 20 l, contained 20 mM HEPES buffer (pH 7.5), 10% glycerol, 0.1 mM DTT, 10 Ci of [␣-
32 P]ATP (3,000 Ci/mmol), and the given amounts of Mcm proteins purified by glycerol gradient centrifugation. After the mixture had been incubated for 10 min on ice, UV (254 nm) irradiation was carried out in a microcentrifugation tube at 4°C for 30 min at a distance of 5 cm (Mineralight; UVP) (20) . Upon termination of UV exposure, 0.8 l of 100 mM ATP and 20 g of bovine serum albumin were added to the mixture. Trichloroacetic acid was added to a final concentration of 10%, and the mixture was incubated for 10 min on ice. The precipitate was recovered by centrifugation and was washed once with acetone containing 0.5% hydrochloric acid and then twice with acetone. Proteins were separated by SDS-PAGE (10% polyacrylamide), and labeled proteins were visualized by using a Bio-Image analyzer.
Gel shift analysis. A 37-mer oligonucleotide (5Ј-AATTCGAGCTCGGTACC CGGGGATCCTCTAGAGTCGA-3Ј) was labeled at its 5Ј end in the presence of [␥-
32 P]ATP with T4 polynucleotide kinase. Mcm proteins were incubated with the labeled 37-mer oligonucleotide (0.15 pmol) at 37°C in a buffer consisting of 10 mM creatine phosphate (sodium salt), 5 mM ATP, 5 mM MgCl 2 , 0.3 mM DTT, 0.01% Triton X-100, and 15 mM potassium phosphate (pH 7.7). After 30 min, 10% glutaraldehyde was added to the reaction mixture at a final concentration of 0.1% and the incubation was continued for 10 min. The reaction mixture was analyzed with a 5% polyacrylamide gel under nondenaturing conditions. The gel was dried on DE81 paper (Whatman), and the radioactivity was analyzed by using a Bio-Image analyzer.
Immunodetection of Mcm proteins. After electrophoresis in an SDS-polyacrylamide gel, proteins were transferred to a nitrocellulose membrane by electrophoresis in 49 mM Tris-38 mM glycine-0.037% SDS-20% methanol at 15 V for 1 h. The membrane was immersed in 5% skim milk plus TBS (50 mM Tris-HCl [pH 7.5], 0.15 M NaCl) and then incubated with anti-Mcm4 rabbit antibodies (20) or anti-Mcm6 antibodies. The anti-Mcm6 antibodies were prepared by immunizing rabbits with full-size mouse Mcm6 protein that was produced by the baculovirus expression system. After incubation with anti-rabbit antibodies conjugated with horseradish peroxidase (Bio-Rad), the membrane was treated with chemiluminescence detection reagent (SuperSignal West PicoChemiluminescent Substrate; Pierce) and exposed to X-ray film. The proteins that had been electrophoresed under nondenaturing conditions were transferred to a membrane after incubation with 49 mM Tris-38 mM glycine-0.25% SDS at 80°C for 1 h. The membrane was then processed as described above. proteins were recovered from the lysed cells and purified by Ni-NTA affinity column chromatography. Nearly equal amounts of the four Mcm proteins were detected in the eluate of the Ni column, which was analyzed by SDS-PAGE, and the proteins were stained with Coomassie briliant blue (data not shown). The partially purified Mcm2,4,6,7 protein complex was further purified by a histone H3/H4-Sepharose column chromatography, as described previously (20) . SDS-PAGE of proteins in the fractions eluted from the histone-Sepharose column is shown in Fig. 1 . The peaks of the Mcm4, Mcm6, and Mcm7 proteins were detected in the histone column fractions eluted with 0.75 M NaCl, while the peak of Mcm2 protein was detected in fractions eluted with 1 M NaCl. We previously suggested that Mcm2 is the only Mcm protein that binds to histone (22) . For this reason, the Mcm proteins probably bind to the histone column as an Mcm2,4,6,7 heterotetramer, particularly through the interaction between Mcm2 and histone H3, and the Mcm4,6,7 proteins may elute from the column earlier than the Mcm2 protein. However, the possibility that the Mcm4,6,7 complex itself has a weak affinity for histone H3/H4 remains to be tested.
RESULTS
Expression and purification of the
Characterization of DNA helicase and ATPase activities of wild-type Mcm4,6,7 complex. The histone-Sepharose fractions that contained predominantly the Mcm4,6,7 complex were pooled and further fractionated by glycerol gradient centrifugation. The proteins in these fractions were then analyzed by SDS-PAGE and detected by staining with silver ( Fig. 2A, top) . Proteins present in these fractions were also analyzed by immunoblotting with antibodies against the Mcm6 protein ( Fig.  2A, bottom) , and the membrane was then reprobed with the antibodies against the Mcm4 protein ( Fig. 2A, bottom) Fig. 4A ). These results suggest that these proteins form a stoichiometric complex. The DNA helicase and ATPase activities present in the separated glycerol gradient fractions were examined ( Fig. 2B and C) . The DNA helicase activity was measured with a labeled 17-mer oligonucleotide annealed to a single-stranded circular M13 DNA. The results show that the DNA helicase activity cosedimented with Mcm4,6,7 (Fig. 2B) . The peak of the helicase activity was detected at 350 kDa (fractions 4 to 6), and the activity in these fractions was almost proportional to the amount of the Mcm proteins present. The ATPase activity in the glycerol gradient fractions was measured in the presence of single-stranded DNA (Fig. 2C) . Similar to the DNA helicase activity, the ATPase activity cosedimented with the Mcm proteins. These results suggest that the purified recombinant mouse Mcm4,6,7 protein complex possesses both DNA helicase activity and ATPase activity, which is consistent with the results obtained with the purified human Mcm4, 6, 7 complex (20) .
Mcm4,6,7 complex binds single-stranded DNA. We next examined the formation of the purified Mcm4,6,7 protein complex and the single-stranded DNA binding activity of the complex (Fig. 3) . The Mcm proteins present in glycerol gradient fractions were electrophoresed under nondenaturing conditions to analyze the complex (Fig. 3A) . In this native gel, a major protein band of approximately 550 kDa was detected (fractions 4 to 6), which is slightly smaller than the 600-kDa human Mcm4, 6, 7 complex (20) . The structure of the Mcm4,6,7 complex is estimated in Discussion.
The single-stranded DNA binding activity of the purified Mcm protein complex was investigated as described in Materials and Methods (Fig. 3B) . When each glycerol gradient fraction was incubated with the labeled 37-mer single-stranded DNA, a band that migrated at the expected position of ϳ550 kDa was detected. The binding of the Mcm complex with the 37-mer oligonucleotide does not require ATP (data not shown). The intensity of the band appeared to be proportional to the amount of the 550-kDa Mcm4,6,7 complex present in the glycerol gradient fraction added (Fig. 3A) . These results indicate that the recombinant Mcm4,6,7 complex can bind the 37-mer single-stranded DNA, consistent with the finding that both DNA helicase and the single-stranded DNA-dependent ATPase activities are cofractionated with the 550-kDa Mcm4,6,7 complex.
Comparison of native and recombinant Mcm4,6,7 DNA helicases. The results described above suggest that the recombinant Mcm4,6,7 complex has DNA helicase activity similar to that of the native human Mcm4,6,7 complex. To further address this point, the DNA helicase activity of these two complexes was examined in more detail. The specific activities of the DNA helicase of the recombinant mouse and the native human Mcm4,6,7 complex were comparable; approximately 100 ng of Mcm4,6,7 complex was required to displace 5 fmol of the annealed 17-mer oligonucleotides for 30 min under standard conditions (data not shown). This means that about a 40-fold molar excess of protein, if it forms a hexamer, compared to the 17-mer oligonucleotide, was necessary to displace the 17-mer. Thus, since we added substantial amounts of Mcm4,6,7 complex compared to the 17-mer, it is difficult to conclude that this reaction is catalytic. However, this activity appears to satisfy the criteria of a DNA helicase; the DNA helicase activity of Mcm4,6,7 complex is dependent on the presence of hydrolyzable ATP, and the data suggest that the complex migrates along single-stranded DNA in the 3Ј-to-5Ј direction (20) . We reported that the incubation of Mcm4,6,7 complex with Mcm2 leads to the inhibition of DNA helicase activity, which is associated with the change from a 600-kDa Mcm4,6,7 complex to a 450-kDa Mcm2, 4,6,7 complex (22) . Similary, incubation of the recombinant mouse Mcm4,6,7 complex with the Mcm2 protein resulted in inhibition of the DNA helicase activity (Fig.  4A and B) and in the conversion of the 550-kDa Mcm4,6,7 complex to the 450-kDa complex, which was confirmed by using anti-Mcm4 antibodies (Fig. 4C) . The 450-kDa complex did not possess the single-stranded DNA binding activity (Fig.  4D ). An identical effect of the Mcm2 protein on the human Mcm4,6,7 complex was observed (22, 23) . These results indicate that the recombinant mouse Mcm4,6,7 complex has DNA helicase activity which is essentially the same as that of the native human Mcm4,6,7 complex.
Biochemical characterization of mutant Mcm4,6,7 complexes. A series of mutations that changed specific amino acids located in the conserved DNA-dependent ATPase motifs of the Mcm proteins were carried out (Fig. 5A) (30) . Aspartic and glutamic acid (DE) residues in motif B, which were highly conserved among various ATPases, were changed to alanine residues in the Mcm6 (DE459-AA) or Mcm4 (DE572-AA) protein. In addition, the highly conserved lysine and serine (KS) residues in motif A were converted to alanine residues in the Mcm6 protein (KS401-AA). These amino acids have been The mutant Mcm4,6,7 complex (Mcm4,6DE-AA,7) in which DE were converted to AA in motif B of Mcm6 protein was characterized first. The DNA helicase and ATPase activities of the mutant Mcm4,6,7 complex were compared with those of the wild type. The mutant Mcm complex did not show any DNA helicase activity even when substantially higher levels of the complex compared to the wild-type complex were added to the reaction mixtures (Fig. 6A) . On the other hand, the levels of ATPase and single-stranded DNA binding activities detected with the Mcm4,6DE-AA,7 mutant complex were nearly comparable to those detected with the wild-type complex (Fig. 6B and C) . Thus, the DE in motif B of the Mcm6 protein is essential for the DNA helicase activity of the Mcm4,6,7 complex, but this mutation hardly affected the ATPase and the single-stranded DNA binding activities. 32 P]ATP, subjected to UV irradiation, and then separated by SDS-PAGE (Fig. 7A) . As a marker, Escherichia coli DNA polymerase I (molecular mass, 103 kDa) was affinity labeled to provide a 100-kDa band marker on SDS-PAGE. A major band of 100 kDa was detected after incubating the human Mcm4,6,7 complex with [␣- Since the mutant Mcm complex (Mcm6DE-AA) showed no DNA helicase activity, we investigated the ATP binding activity of this complex. The ATP binding activity of the mutant complex was markedly reduced compared to that of the wildtype complex (Fig. 7C) . These results suggest that the DE mutation in motif B of the Mcm6 protein affects the DNA helicase activity of the Mcm4,6,7 complex by lowering the affinity of the complex for ATP. However, it is also possible that the Mcm6DE-AA mutation affects DNA- proteins. These Mcm4,6,7 mutant complexes were purified, and the influence of these changes on the DNA helicase, DNA-dependent ATPase, single-stranded DNA binding, and ATP binding activities were examined. The DNA helicase activities of these mutants are shown in Fig. 8A We next compared the single-stranded DNA binding activities of the various mutants (Fig. 8C and Table 1 (Fig. 7) .
Based on the biochemical activities observed with the mutated Mcm complexes, the following conclusion can be drawn. (20) . Based on the molecular mass of each Mcm protein, the 600-kDa complex is thought to consist of two molecules each of Mcm4, Mcm6, and Mcm7 proteins. The human Mcm4,6,7 complex was also detected at 600 kDa by gel electrophoresis under nondenaturing conditions (22) , and the recombinant mouse Mcm4,6,7 complex was detected at 550 kDa (Fig. 3A) . On incubation of the human 600-kDa complex at 37°C under certain conditions, one smaller complex of approximately 400 kDa, in addition to the 600-kDa complex, was detected by native gel electrophoresis. These two complexes consisted of Mcm4, Mcm6, and Mcm7 proteins, as shown by two-dimensional SDS-PAGE (data not shown). These results suggest that the smaller complex is a trimer of Mcm4,6,7 proteins and the 600-kDa complex is a dimer of the trimer (hexamer). However, more definitive experiments are necessary to conclude whether the Mcm4,6,7 complex, which has DNA helicase activity, functions as a hexamer. Most DNA helicases usually form dimers or hexamers (4, 19, 36) . The RecBCD helicase may be a dimer of the trimer composed of the RecB, RecC, and RecD proteins (12) . This structure appears to be similar to that of the Mcm4,6,7 helicase.
Whether the Mcm4,6,7 complex functions as a replicative helicase responsible for the movement of the replication fork remains an open question. In S. cerevisiae, Mcm proteins are assembled onto an ORC origin complex with the assistance of a loading factor, Cdc6p, in an orderly fashion prior to the initiation of DNA replication in vivo (2, 49) . Furthermore, the association of the Mcm proteins during the replication fork movement in S. cerevisiae suggests that they not only are required for the initiation of DNA replication but also function as a replicative helicase to unwind the duplex DNA at replication forks (2, 42) . However, our results show that the human as well as the recombinant mouse Mcm4,6,7 complex can displace only oligonucleotides shorter than 30-mer (reference 20 and data not shown). This result would argue against its role as the fork helicase. In vivo, however, the DNA helicase activity of the Mcm4,6,7 complex could be enhanced by its association with the other replication proteins such as Cdc45p, a singlestranded DNA binding protein (replication protein A) and protein kinases. Another possibility is that the Mcm helicase is required only at the initial step of DNA unwinding at the origin region and that other DNA helicases such as the Wernersyndrome helicase (55) (14, 46) . In addition to its potential regulatory role in the Mcm4,6,7 DNA helicase function, the mouse Mcm2 protein can bind histone H3 in vitro (21, 22) and has a nuclear localization activity (22, 28) . Therefore, it is possible that the Mcm2 plays a role in transporting newly synthesized Mcm4, Mcm6, and Mcm7 proteins to the nucleus and tethering the Mcm proteins to chromatin in vivo, although the observation that only Mcm2 protein among the members can be dissociated from chromatin under low ionic conditions argues against the role of Mcm2 in the chromatin tethering (44) . All six of the Mcm2-7 proteins are essential for cell growth in yeast (8, 9, 13, 15, 18, 35, 38, 40, 47, 48, 56) , and they all contain (30) . Although the role of these motifs in the DNA helicase function has been analyzed for several helicases by site-directed mutagenesis, their effects on the complex of Mcm proteins have not been previously examined. The results of our experiments are summarized in Table 1 . The mutations in motifs A and B of Mcm6 that change the lysine and serine residues to alanine residues (KS401-AA) and the aspartic and glutamic acid residues to alanine residues (DE459-AA) resulted in the reduction or loss, respectively, of the DNA helicase activity of the Mcm4,6,7 complex. These mutant Mcm complexes lacked ATP binding activity but were capable of hydrolyzing ATP (Fig. 6 to 8) , suggesting that these two activities can be differentiated in the action of DNA helicase. It is conceivable that Mcm4 and Mcm7 proteins have a lower affinity for ATP and that ATP bound to these Mcm proteins is hydrolyzed in these mutant complexes. This result is similar to that observed with a mutant of the RecBCD complex in which mutation of the conserved ATPase motif of the RecD protein resulted in a decrease in the level of DNA helicase activity and loss of the ATP binding activity (31, 32) . A mutant complex of Mcm4DE,6,7, in which the aspartic and glutamic acid residues of Mcm4 protein were changed to alanine residues, showed reduced DNA helicase and single-stranded DNA binding activities. However, neither the ATP binding nor the ATPase activity was affected by these changes (Fig. 8) . Similar results were observed with mutants of T7 primase/helicase (52). These results indicated that the ability to hydrolyze ATP is not a sufficient property for exhibiting DNA helicase activity. In addition, both the ATP binding and the single-stranded DNA binding are regarded as necessary functions for DNA helicase activity, since mutants lacking helicase activity exhibited decreased levels of the ATP binding and single-stranded DNA binding activities. Based on these results, as well as those observed with the double mutant of Mcm4 and Mcm6 proteins, we conclude that the ATPase motifs in these proteins are crucial for the DNA helicase function of the Mcm4,6,7 complex.
Mutants defective in the Mcm4,6,7 complex formation have not been identified. Protein-protein interactions that stabilize the complex may occur over a large surface area; hence, multiple mutations over these regions would be required to affect complex formation to a significant extent. The model of a rolling mechanism of DNA helicase action for DNA unwinding suggests that a functional helicase performs the DNA unwinding by the successive reactions of single-stranded DNA binding, interaction with the doublestranded DNA region through ATP binding, and ATP hydrolysis (36) . According to this model, Mcm4 and Mcm6 proteins may be required for the translocation of the Mcm4,6,7 complex at the beginning of the helicase-catalyzed DNA unwinding. This model can also explain why the ATP hydrolysis activity alone is insufficient to unwind DNA.
The DNA-dependent ATPase motifs of Mcm proteins are conserved from yeast to mammalian cells, suggesting that they play important roles in Mcm functions in cellular DNA replication. Our biochemical analyses of the recombinant Mcm4,6,7 complexes suggest that the DNA helicase activity of this complex is involved in DNA replication in vivo. To address this point directly, we plan to express these mutant Mcm proteins in mammalian cells to examine their effects on cellular DNA replication.
